The increasing oil demand and exhaustion of reserves have initiated stimulus to search for new and sustainable sources of fuels and fine chemicals. Lignocellulosic biomass turned out to be a promising and renewable feedstock for these applications. 5-hydroxymethylfurfural (HMF) is one of the most promising building blocks for bio-based chemicals that can be derived from lignocellulosic biomass which can be potentially applied for large scale production. However, one of the main factors holding its transition is the need for sustainable, green and financially feasible processes. This review provides the studies made towards catalytic systems used for HMF production, as well as the various solvents and heating system applied. Research efforts to unravel the interactions among catalysts, solvents, and heating systems are encouraged, thereby engineering a synergistic conversion system for biomass valorization.
INTRODUCTION
Biomass is the collective term used to identify organic matter generated either in the form of waste such as solid municipal waste or from living plants such as trees, grass, and agricultural crops and residues (Ashter, 2017) . Meanwhile, lignocellulosic biomasses are those plant-derived matters that is mainly composed of carbohydrate polymers (cellulose and hemicellulose) and an aromatic polymer (lignin). It is estimated that nature produces over 150 billion tons of lignocellulosic biomass per year by photosynthesis, with only 3-4% used by humans for food and nonfood purposes (Rackemann and Doherty, 2011) . Thus, a large number of lignocellulosic biomass materials generated around the world are being discarded forgetting their potential market incentive for prospering bio-based economy and petrochemical substitute.
HMF is one of the top ten value-added biobased chemicals and an important precursor for a variety of commodity chemicals and fuels, such as 2,5-diformylfuran, furan-2,5-dicarboxylic acid, 2,5-furandimethanol, furfuryl alcohol, etc., or high calorific value biofuel, such as 2,5-dimethylfuran, 2,5-dimethyltetrahydrofuran, and 2,5-bis(alkoxymethyl)furans (Kumar et al., 2016; Zhou and Zhang, 2016) . Also, other HMF derivatives can serve as a building block for diverse commodities including pharmaceuticals, polymers, resins, solvents, etc. (Gallo and Trapp, 2017) . Such broad versatility has earned HMF a high market value that ranges from USD 2.0 to 300 per kilogram depending on the chemical quality .
The cellulose found in biomass can be used as a starting material for the production of HMF through a series of chemical reactions: (1) hydrolysis of cellulose into glucose, (2) isomerization of glucose to fructose, and (3) dehydration of fructose to HMF. To facilitate these tandem reactions, a broad range of catalysts have been studied, which includes Brønsted acids (e.g., H 2 SO 4 , HCl, etc.) that assists in hydrolysis of cellulose and dehydration of fructose, as well as Lewis acids (e.g., AlCl 3 , CrCl 3 , etc.) that promote isomerization of glucose into HMF (Zhou et al., 2018; Zhou and Zhang, 2016) . A lot of efforts has also been made on the use of solvents, such as polar protic and polar aprotic, and different heating systems, such as conventional and microwave-assisted (Yang et al., 2012) .
Due to the complexity of lignocellulosic biomasses, the HMF yield when using this substrate is relatively lower compared to the use of sugars, such as glucose or fructose. In view of this, the use and development of various catalysts, solvents and heating systems, with the aim to increase the HMF yield from biomass, will be discussed in this paper.
BIOMASS AS A SUBSTRATE FOR HMF SYNTHESIS
Generally, lignocellulosic biomass consists of 40-50% cellulose, 25-30% hemicellulose and 15-30% lignin (Zhou and Zhang, 2016) . The transformation of carbohydrates, cellulose, and hemicellulose, to chemicals, is of great importance to the efficient utilization of biomass. These carbohydrate components of lignocellulosic biomass are primarily consisting of C5 and C6 sugars polymers which can be hydrolyzed into individual sugar residues, such as glucose, xylose, etc. Further dehydration can produce HMF at which rehydration will lead to the formation of levulinic acid. These chemicals belong to the top 12 value-added bio-based chemicals which can serve as a versatile precursor for the synthesis of many important products such as liquid fuels, solvents, additives, plasticizers, etc. (Chen et al., 2017a; Kumar et al., 2016) .
Figure 1. Chemical Pathway in the Catalytic Conversion of Biomass to HMF.
A wide range of biomass substrates, specifically agricultural residues (e.g., corncob, corn stover, corn stalk, barley husk, pinewood, maple wood, rice husk, rice straw) has been investigated as shown in Table 1 . The diverse results of HMF yield ranging from 3-52% can be attributed to the variations in the conversion systems as well as to the cellulose and hemicellulose content of the biomass.
Hot compressed water (HCW), also known as subcritical water, tends to give lower HMF yield (<10%) even at 1:1 ratio of catalyst and substrate (Chareonlimkun et al., 2010) . Nevertheless, the research showed that catalyst preparation procedure and calcination temperature strongly affected the catalysts reactivity. Also, catalysts prepared by coprecipitation method gained higher reactivity than those prepared by sol-gel and physical mixing method. This suggests that catalysts preparation plays role in its reactivity, thus affecting the resulting HMF yield from the substrate. Meanwhile, the use of other thermal methods, such as oil bath showed appreciable HMF yield ranging from 32-51%. Unlike HCW, the use of unary to a more complex solvent system was common in this type of heating system, which can potentially increase the solubility of the catalysts, substrate and renders the HMF stable throughout the conversion, thus resulting to higher yield. The application of microwave also shows promising results with high HMF yield and lower reaction time compared to the previously stated heating systems. For example, Zhang and colleagues demonstrated that HMF yield of 45-52% can be obtained within 3 minutes from corn stalk, rice straw and pinewood by using an ionic liquid as a solvent, CrCl 3 ·6H 2 O as a catalyst, and microwave as a heating system. The conversion was very rapid and did not require any pretreatment, thereby making this method valuable to facilitate the cost-effective conversion of biomass into biofuels and bio-based products (Zhang and Zhao, 2010) .
These results highlight the significance of catalysts, solvents and heating systems on the efficient biomass conversion to HMF, but there's insufficient information about their corresponding distribution. Such knowledge is needed to facilitate the maneuvering of catalyst and solvent to maximize the HMF production and increase the system capacity. Thus, the various catalysts, solvents and heating systems will be discussed in the subsequent sections.
CATALYSTS
Acid catalysts are typically used for the conversion of sugars into HMF. During the acid-catalyzed hydrolysis of polysaccharide, protons weaken the O-glycosidic bond by attacking the oxygen atom of the linkage. This results in the breakdown into individual sugar residues of the polysaccharide. Fructose dehydration illustrates a similar catalytic mechanism: proton attaches to the C2 hydroxyl (Chareonlimkun et al., 2010) group of fructose to initiate the elimination of the first water molecule, resulting in a carbonium ion. Such intermediate transforms into an enol, which is subsequently condensed to give HMF by releasing two more water molecules . Generally, these acid catalysts can be categorized by phase, as homogeneous or heterogeneous catalyst, or by function, such as Lewis and Brønsted acid.
Homogeneous Catalysts. Homogeneous acids, such as HCl, H 2 SO 4 , HNO 3 , etc., were the popular methods for a long time to synthesize HMF from lignocellulosic biomass due to their faster reaction and lower amount of catalyst needed compared to heterogeneous acids. This method has been used in the first commercial-scale plant for the conversion of lignocellulosic biomass. Although the use of these acids for hydrolysis reactions was effective, these homogeneous catalysts suffered from drawbacks. One of which is the corrosive reaction conditions that require special materials for reactor construction and chemical recovery systems. Thus, this disadvantage can increase the capital and operation cost for production. Moreover, depending on the recovery process, a significant amount of wastes is produced causing environmental problems (Chen et al., 2017a; Ya'aini et al., 2012) . As an alternative, heterogeneous acid catalysts have been promoted since these catalysts can overcome the problems occurred in homogeneous catalysts.
Heterogenous Catalysts. Unlike homogeneous catalysts, heterogeneous or solid acids offer potential due to their simple and energy efficient separation, reusable nature, limited corrosion and selectivity (Rackemann and Doherty, 2011) . Solid acids includes zeolites (Lima et al., 2016) , ion-exchange resins (Rinaldi et al., 2008) , metal-oxides (Gliozzi et al., 2014) , functionalized silica (Takagaki et al., 2011) , carbonaceous solid acid (Hu et al., 2015) , etc. Among the above mentioned conventional solid acid catalysts, the cheaper carbon-based solid acid catalysts have been identified as a novel type of solid acid catalysts in recent years. This type of catalyst is generally prepared by the incomplete carbonization of glucose or cellulose and the subsequent sulfonation, a Brønsted acid, of the resulting amorphous carbon (Hu et al., 2015) . Despite the economic advantage of carbon-based solid acid, this type of catalyst possessed some drawbacks, which includes low yield due to weak interaction to cellulose and cannot be readily separated to the formed solid residues that affect its recyclability (Lai et al., 2011) . This weakness has been overcome by the addition of chloride group and magnetic property to the solid acid (Hu et al., 2016; Huang and Fu, 2013; Lai et al., 2011; Li et al., 2018) .
In comparison to carboxylic (-COOH) and phenolic hydroxyl (-OH) groups, the -Cl groups with a stronger electronegativity could not only improve the adsorbability to cellulose chain but also enhance the acidity of -SO 3 H groups (Hu et al., 2016) . Moreover, the -Cl groups can serve as a cellulosebinding domain because it is able not only to form stronger hydrogen bonds with hydroxyl groups of cellulose but also able to disrupt intra-and interhydrogen bonds of cellulose, which will enhance the swelling and dissolution of cellulose (Shuai and Pan, 2012) . For this reason, chloride has been widely involved in cellulose solvents, such as [BMIM]Cl, and chloride-containing ionic liquids (Rinaldi et al., 2008; Shen et al., 2018) . Meanwhile, the addition of magnetic property to the carbon-based solid acid involves the use of magnetite, Fe 3 O 4 . This is typically done by co-carbonization of FeCl 3 with the solid acid or by synthesizing Fe 3 O 4 separately before impregnating with the partially carbonized support (Hu et al., 2015; Li et al., 2018) . The magnetic property of catalyst is important because although cellulose can be degraded into soluble sugars, the lignin components of the actual cellulosic biomass cannot be converted and humins sometimes form as solid residues, both of which are difficult to separate from the recovered solid catalysts (Huang and Fu, 2013) .
Brønsted Acids. It is well-known that Brønsted acids (e.g., HCl, H 2 SO 4 ) can facilitate the catalytic hydrolysis of cellulose into its individual glucose unit and aids in the dehydration of fructose to HMF (Portillo Perez et al., 2018) . Brønsted acid-catalyzed conversion of carbohydrates in aqueous solutions proceeds through a complex network of elementary steps such as protonation, deprotonation, isomerization, dehydration, hydration, and intramolecular hydrogen transfer. These reactions involve many intermediates, which are prone to side-reactions. The mechanism, kinetics, and thermodynamics of sugar conversion have been the subject of many experimental and theoretical
Figure 2. Proposed Mechanism for the Conversion of Glucose into HMF by a Brønsted Acid Catalyzed
Reaction (Wang et al., 2012a) . studies with the main focus on fructose dehydration to HMF (Yang et al., 2012) . For example, Wang and colleagues proposed that the formation of HMF may follow a mechanism in which the open-chain form of glucose is dehydrated at the C2 position, forming a carbocation which reacts with the hydroxyl group at C5 position, forming tetrahydro-3,4-dihydroxy-5-(hydroxymethyl)-2-furaldehyde followed by further dehydration to form HMF (Wang et al., 2012a) .
Lewis Acids.
Brønsted acids have been extensively tested and studied catalysts. However, most of them are corrosive and toxic in nature. As an alternative, Lewis acids, particularly in the forms of their salts, offer advantages such as easier recovery and less corrosiveness (Portillo Perez et al., 2018) . Lewis acids are able to catalyze the isomerization of glucose to fructose, which is a critical step in in the conversion of cellulose to HMF because glucose released from glucan hydrolysis has a stable six-membered pyranose structure against the dehydration reaction while fructose is more reactive . Despite the known role of Lewis acids in the isomerization process of glucose and fructose, numerous studies already suggest that these acids can be a stand-alone catalyst in converting hexoses into HMF (Delidovich and Palkovits, 2016; Jia et al., 2017 Jia et al., , 2014 .
Combination of Brønsted and Lewis acids.
Given that Brønsted acids promote protonation and Lewis acids deprotonation, several researches were conducted to investigate the synergistic effect of the two catalysts during the dehydration reaction. The results of Dumesic et al. (Wang et al., 2012b) showed that the conversion of glucose into HMF in the presence of Lewis and Brønsted acidity proceeds through a tandem pathway involving isomerization of glucose into fructose, followed by dehydration of fructose to HMF. For this reason, researchers have been leaning towards a combined approach, which exploits both Brønsted acids' capabilities to promote hydrolysis, and Lewis acids' capability to isomerize and dehydrate hexoses.
A study suggested that the B:L acids ratio must be maneuvered to promote faster kinetics of the desirable reactions (i.e., hydrolysis, isomerization, and dehydration) relative to those of the undesirable pathways (i.e., rehydration, polymerization) for higher HMF yield . Lewis acid could induce more pronounced polymerization compared to Brønsted acid, despite its enhancement on glucose isomerization. For instance, the rate coefficients of the polymerization reactions mediated by AlCl 3 (0.08-0.23 min -1 ) were higher than HCl (0.05-0.13 min -1 ) in an aqueous medium (Zhang et al., 2015) .
SOLVENTS
Solvolysis has an advantage over hydrolysis in such that solvents can be used to alter the properties of the reaction mixture in promoting more selective reactions and allows reactions to occur at lower temperatures (Rackemann and Doherty, 2011) . Moreover, the solvent may serve multiple roles during the biomass conversion: dissolving the substrates and catalyst for desirable reactions; stabilizing the substrates, intermediates, and products to enhance the thermodynamic equilibrium for higher product yield; and acting as a catalyst to improve the reaction kinetics . Solvents typically used for biomass conversion can be divided into four categories: polar protic, polar aprotic, ionic liquids and deep eutectic solvents.
Polar Aprotic Solvent.
Water is an example of a polar protic solvent, which provides protons and high polarity . As reported in the literature, water is the most ideal solvent for the dehydration of fructose into HMF in theory. This is because water has great advantages in economic viability, ecological superiority, and technological convenience. Unfortunately, the dehydration of fructose is non-selective in pure water, leading to a low yield of HMF, which is caused by the formation of an abundance of by-products such as levulinic acid (LA), formic acid (FA) and humins (Hu et al., 2015) . Moreover, HMF has high solubility in water which results in low HMF selectivity and difficulty in HMF isolation, which would limit industrial scale application of a simple aqueous phase (Yang et al., 2013) .
Polar Protic Solvent. Meanwhile, polar aprotic solvents have moderate polarity and no acidic proton. Examples of polar aprotic solvents are dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), methyl isobutyl ketone (MIBK), N,N-dimethylacetamide (DMA) and other biomass-derived solvents such as γ-Valerolactone (GVL) (Gliozzi et al., 2014) . Among these solvents, DMSO offers advantages for dehydration of fructose as it eliminates HMF decomposition to levulinic and formic acids while inhibiting the formation of humins (Bozell and Petersen, 2010; Yang et al., 2013) . However, it is difficult to separate HMF from DMSO due to its high boiling point (Zhou and Zhang, 2016) . For this reason, the biphasic system was preferred in which the hydrolysis and dehydration reactions occur in the aqueous phase, while the organic phase is used to timely extract HMF from the aqueous layer. Nonetheless, mixtures of DMSO with H 2 O are preferable so as to prevent the dehydration of glucose to levoglucosan, facilitate the bridging of the dehydration process with a primary cellulose/ biomass hydrolysis step in aqueous solution and contribute to the lowering of the use of organic solvents (Marianou et al., 2018) .
Ionic Liquids (ILs).
Ionic liquids, ILs, which molten salts that are liquid at room temperature, are an important class of chemicals that can act as both a solvent and catalyst for the production of HMF (Gliozzi et al., 2014) . ILs can serve as good solvents for various carbohydrates and are more environment-friendly than volatile organic solvents.
Other attractive properties of ILs include low vapor pressure, non-flammability, and thermal stability. ILs offer similar advantages to heterogeneous catalysts in that they can usually be easily separated from the reaction mixture for reuse and retain high activity plus they offer the advantage of allowing the reaction process to be conducted at much lower temperatures (<100°C) (Rackemann and Doherty, 2011) . However, ILs are expensive, especially for industrial applications, despite they are easily separated. Therefore, the addition of organic solvents to ILs as reaction media can be a good option to reduce cost by using less ILs (Guo et al., 2012) .
Deep Eutectic Solvents (DESs).
Deep eutectic solvents (DESs) are green and efficient alternative to ILs for the biomass pretreatment and conversion. DESs are a special mixture of two components: hydrogen-bonding donor (HBD) and hydrogenbonding acceptor (HBA) (Chen and Mu, 2019) . Generally, the melting point of the DES is lower than the melting points of each of its starting components, and are easily produced by just mixing two or more compounds and heating to around 80°C or freeze drying without the subsequent need of any complex purification step (Cunha and Fernandes, 2018) . One example of DES is under the trade name Reline, which is a mixture of choline chloride and urea. When these two a are mixed at the molar ratio of 1:2, a eutectic occurs at a freezing point of 12 °C which is significantly lower than that of its original precursors (Malaeke et al., 2018) .
Studies have shown that cellulose and starch are soluble in choline chloride (ChoCl) DESs and that cellulose can be de-crystallized in this solvent, making it interesting for HMF production. Even more interesting is the fact that carbohydrates can themselves form DESs at low temperatures, allowing for highly sugar-concentrated systems (Biswas et al., 2006; Chen and Mu, 2019) . DESs prepared with organic renewable materials were very effective in transforming fructose to HMF. Particularly promising was the use of ChoCl/citric acid, both in the anhydrous and monohydrate forms, where HMF yields of over 70% were obtained at only 80°C and for 1 hour of reaction. While the anhydrous form of citric acid performed slightly better, it was noted that it increased the viscosity of the system and that its use was not energy efficient. To improve the results, the researchers used a biphasic system consisting of ethyl acetate (AcOEt) and ChoCl/citric acid, which increased the HMF yields to up to 86% (Hu et al., 2008) .
HEATING SYSTEMS
The more sophisticated and recalcitrant structures in the biomass materials may require a higher temperature for conversion than model compounds, which indicates the possibility of more side products and less selectivity (Chen et al., 2017b) . Therefore, the efficient heating system is also necessary for the conversion of biomass into desired products. Currently, two heating systems are being employed in a variety of studies for biomass conversion into value-added platform chemicals: conventional and microwave.
Conventional. Conventional heating is the most widely used method in biomass conversion. Zhang, et. al. (Zhang et al., 2017) , showed that corncob can be converted into furfural and HMF using a porous polytriphenylamine-SO 3 H (SPTPA) solid acid in lactone solvents. Under optimized conditions, a maximum yield of 32.3% for HMF was obtained. In another study conducted by Yan, et. al. (Yan et al., 2014) , 44.1% HMF yield was achieved using conventional heating at 150°C using carbonaceous solid acid and an ionic liquid. These show that conventional heating can be employed in a variety of solvents and catalysts without affecting its catalytic performance when being applied to actual biomass. However, conventional heating often involves a long reaction time due to low heat transfer efficiency. Thus, there is a growing interest in using microwave for biomass conversion.
Microwave-assisted.
Microwave can effectively shorten the reaction time, improves the product yields, and diminishes the side reactions . In addition, the selective dielectric heating of microwave could improve heat transfer, thus leading to a higher reaction rate due to the effectiveness of structure disruption and release of cell constituents from the bio-waste (Chen et al., 2017a) . Moreover, a study had shown that the yield of glucose from cellulose was almost 50 times higher than conventional heating under similar conditions (Fan et al., 2013) . Thus, microwave shows a promising heating system for biomass conversion compared to conventional heating. Zhang et. al., demonstrated that HMF yield of 45-52% can be obtained from corn stalk, rice straw and pine wood using microwave in the presence of CrCl 3 in an ionic Rey Joseph J. Ganado and Francisco C. Franco, Jr.
liquid within 3 minutes. Therefore, this method should be valuable in facilitating energy-efficient and cost-effective conversion of biomass into biofuels and platform chemicals.
CONCLUSIONS
This review demonstrated the various advancement in catalysts and HMF production processes in recent years. It was also highlighted that HMF, an important versatile bio-based chemical, can be produced from renewable resources that we commonly treat as waste, such as biomass. HMF has the potential for the production of clean liquid fuels (e.g., 2,5-dimethylfuran, 2,5-dimethyltetrahydrofuran) by a hydrogenation reaction. In an oxidation reaction, HMF led to commercially important chemicals such as 2,5-diformylfuran and 2,5-furandicarboxylic acid. However, a simple and reliable way of acquiring HMF from biomass remains as a bottleneck due to its complex resource that requires a wide palette of technologies to ensure effective processing of all its constituents. Also, the need for production processes that are feasible for large scale production, green and sustainable is of great importance for their potential market incentive for flourishing bio-based economy and petrochemical substitute. Based on this context, the use of renewable bifunctional-heterogenous catalysts, deep eutectic solvents and application of microwave as a heating system will thrive for a greener process in converting a sustainable substrate, such biomass, into future fuel and biochemicals.
